From literature data on partition coefficients and in some cases solubilities in nonaqueous solvents we have been able to determine Abraham descriptors for several series of organophosphorus compounds including the dialkyl-and diaryl-phosphates (dialkylphosphoric acids), trialkyl-and triphenyl-phosphates, dialkylphosphinic acids and diphenylphosphinic acid, trialkyl-and triaryl-phosphine oxides, and dialkylphosphites and triarylphosphines. Other organophosphorus compounds studied were dimethyl methylphosphonate and the flame retardant PBMP. For all these compounds, knowledge of the Abraham descriptors enables partition coefficients to be predicted for transfer from water to over 40 (wet) solvents. If the solubility of a given compound in just one dry solvent (out of a list of 47 dry solvents) is available, then the solubility in all the other listed dry solvents can be predicted through very simple equations.
INTRODUCTION
There are a very large number of applications of organophosphorus compounds, particularly as extraction agents for metals and as flame-retardants. A knowledge of water-solvent partition coefficients, P s , is essential in studies of metal extraction, and a knowledge of solubilities in organic solvents, S s , is very useful for the large-scale preparation and purification of flame-retardants. It would be extremely helpful if methods for the prediction of partition coefficients and solubilities of organophosphorus compounds were available, but there has been very little work reported in this area. Apostoluk and Robak (1) applied the Kamlet-Taft method (2) to the correlation and prediction of partition coefficients, as log Ps, from water to a variety of solvents for a number of organophosphorus compounds. Log P s values for the dialkylphosphoric acids could be correlated with standard deviations, SD, between 0.58 and 0.65 log units, depending on the exact equation used. These correlations were re-examined by Kolarik (3) who concluded that although they could be regarded as satisfactory, they were not good enough for the prediction of further values of log P s . For trialkylphosphine oxides and trialkylphosphates (1) the SD values were smaller (0.38 and 0.29 log units, respectively). No predictive methods for solubility that are specific to organophosphorus compounds appear to have been reported.
There are a number of general methods for the prediction of water-octanol partition coefficients, as log P oct that can be applied to organophosphorus compounds. Even for rather simple compounds there is not much agreement between the most common methods. Log P oct for triethylphosphine is given as 2.41, 2.30, 1.65, and 3.25 by the ACD software (4), the ClogP method of Leo (5), the PHA method (6), and SPARC (7), respectively; the AlogP software (8) lists calculated logP oct values from À0.05 to 3.63 log units. For more complicated molecules there is also disagreement. For PhP(O)(OH)CH 2 OH the corresponding values are À0.93 (4), À0.38 (5), À0.05 (6), and À0.32 (7) log units; the software package AlogP (8) lists values that range from À1.98 to 0.87 log units. Meyer and Maurer (9, 10) have set out a method for the prediction of log P s values for a large number of water-solvent systems, but their method requires solute properties that are not available for organophosphorus compounds. Toulmin et al. (11) use a method that starts with log P oct and adjusts this with fragment contributions to obtain log P hex , where P hex is the water-hexadecane partition coefficient. The method failed, however, for the only organophosphorus compound examined, triphenylphosphine oxide. SPARC, however, can calculate log P s values for almost any solvent, although the predicted values are not expected to be any more accurate than those for predictions of log P oct .
There has been a great deal of work on solubilities in water, [see ref (12) ], but the only organic solvent that has been examined in any detail is octanol (13) (14) (15) (16) . Yalkowsky et al. (13) (14) (15) ) studied a number of methods for the prediction of log S oct . The two best methods were a group contribution method known as OCTASOL and a method based on a known solubility in water and a known log P oct value (12) . Neither are very useful for organophosphorus compounds. Raevsky et al. (16) employed an interesting method in which the solubility in octanol of a model solute as close in structure to the ''unknown'' solute as possible was used as a starting point. The method requires rather a large database of octanol solubilities in order that a suitable model solute can be found. For the only organophosphorus compound studied, fenchlorphos, it was not possible to find a suitable model solute.
Abraham and Acree et al. (12, (17) (18) (19) have set out a general system for the prediction of log P s and log S s values that we describe in detail below. It is the purpose of this work to apply the Abraham-Acree method to a number of organophosphorus compounds and hence to be able to predict values of log P s and log S s for organophosphorus compounds in a range of solvents.
METHODS
We start with two linear free energy relationships, LFERS, Eq. (1) and Eq. (2).
The dependent variable in Eq. (1) is log P s , and in Eq. (2) is log K s where K s is a given gas phase to solvent partition coefficient. The independent variables in Eq. (1) and Eq. (2) are the Abraham solute descriptors as follows (12, 20, 21) . E is the solute excess molar refractivity in units of (cm 3 mol À1 )=10, S is the solute dipolarity=polarizability, A and B are the overall or summation hydrogen bond acidity and basicity, V is the McGowan characteristic volume in units of (cm 3 mol À1 )=100, and L is the solute gas to hexadecane partition coefficient at 298 K. The coefficients in Eq. (1) and Eq. (2) are obtained by multiple linear regression analysis, and serve to characterize the system under consideration. Coefficients in Eq. (1) and Eq. (2) for several water to solvent and gas to solvent partitions are listed in Table 1 (12, 22, 23) . Some of the solvents are watersaturated and some are neat (dry) solvents, as indicated in the first column of the table. As well as partitions from the gas phase to solvents, we also include coefficients for partitions from the gas phase to water.
There is one specific proviso to Eq. (1). For partitions from water to solvents with a high water content at saturation, the B-descriptor has to be replaced by an alternative B o -descriptor for a few specific types of compound. These include sulfoxides (but not sulfones), alkylpyridines and alkylanilines. Particular solvents for which B o has to be used in Eq. (1) are water-saturated butanol, octanol, ethers, ethyl acetate, and butyl acetate, [see Table 1 .] This means that if log P s values are not available in at least one of these solvents, the B o descriptor for a given compound cannot be determined.
The first step in the method is to determine the relevant solute descriptors for a given compound. Of the six descriptors in Eq. (1) and Eq. (2), V can always be calculated from the solute molecular formula and the number of bonds, N B , in the molecule. The latter can be obtained from the total number of atoms, N A , and the number of rings, N R , in the molecule, using the algorithm of Abraham (20) 
If the solute is a liquid, E can be calculated (20) from the refractive index at 293 K. If the solute is a solid, the refractive index can be estimated using the (free) ACD software (4); alternatively, E can be estimated by Absolve software program (6). This leaves four descriptors to be determined. If four log P s values are available, either directly or indirectly through solubilities, then the four descriptors can be evaluated through the four corresponding Eq. (1) equations. In practice, more than four log P s values will normally be used, and the four descriptors found by a ''best fit'' method using the ''Solver'' add-on in Microsoft Excel. Solubilities can also be used, either alone or in combination with log Ps measurements.
We assume that partition between water and a solvent is given by the ratio of solubilities of a solute in the solvent, S s , and in water, S w ,
As we have stressed before (12), Eq. (4) will only hold if 1. the same equilibrium solid form exists in both water and the organic solvent. Specifically, there is no hydrate or solvate formation, and that for compounds that exhibit polymorphism, the same polymorph exists in both phases, 2. the secondary medium activity coefficient of the solute in the two phases is near unity (in practice, this means that the solute should not be too soluble), and 3. the equation refers to the same chemical species in each phase; thus for ionizable species, it will be the undissociated form in each phase.
The log Ps values obtained through Eq. (4) can be used together with directly determined log Ps values.
It is possible to increase the number of equations by converting all the log P s values into log K s values through Eq. (5), where K w is the gas to water partition coefficient (we use a unit-less coefficient, with concentrations in the gas phase and the aqueous phase in the same units, for example mol=L). 
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Then if, say, four log P s are available (either direct or via solubilities), four more equations in log K s can be used, and two more equations in log K w are also available. Log K w will normally have to be found by trial-and-error, so that it is an extra descriptor to be determined. However, starting with four log P s values, no less than ten equations will be available, with ten dependent variables, to calculate the five missing descriptors (S, A, B, L, and log K w ). This method has been applied extensively to the solubility of solids by Acree et al. (17) (18) (19) (24) (25) (26) (27) (28) . Analysis of the series of equations was carried out using the ''Solver'' add-on program in Microsoft Excel; this uses a trial-and-error method to find the best fit descriptors that lead to the smallest standard deviation in the calculated log P s and log K s values. C, and V was calculated as usual (20, 30) . Then using our method of obtaining extra equations through Eq. (5), we could analyze a very large number of equations for several of the dialkylphosphates using log P s values recorded by Apostoluk and Robak (1) and by Kolarik (3) and determined by Wolfenden and Williams (31) . Results for a typical dialkylphosphate are in Table 2 , using the recorded log P s values (1, 3) . N is the number of data points, that is the number of equations, and SD is the standard deviation between calculated and observed values of the dependent variable. The SD for the 14 calculated and observed log P s values is 0.050 log units with the descriptors given in Table 3 . We give in Table 3 the obtained descriptors for all the dialkylphosphates we have studied, including log K w . In Table 2 are also listed the predicted log Ps values for diethylphosphate for a number of water-(wet) organic solvents; these are obtained automatically from the equations in Table 1 and the descriptors in Table 3 . The descriptors alter so regularly along the homologous series of alkyl groups that we were able to estimate descriptors for a number of other dialkylphosphates. For all of the dialkylphosphates in Table 3 values of log P s and log K s can be predicted in exactly the same way as for diethylphosphate. Note that the predicted values refer to zero ionic strength. For dibutylphosphate the observed and calculated values for partition into wet diisopropyl ether agree well, and for diethylphosphate they do also bearing in mind the different ionic strength (log P s obs ¼ À1.75 at I ¼ 1.0, log P s calc ¼ À1.92 at I ¼ 0). Since partition into wet diisopropyl ether requires the alternative B o descriptor, we can deduce that for the dialkylphosphates B o ¼ B. Wolfenden and Williams (31) determined log P s for partition of dipropylphosphate into seven solvents, but on our method they did not seem to be self-consistent. All we can say is that our estimated descriptors reasonably predict the Wolfenden and Williams log P s values for some of the solvent partitions.
We also attempted to obtain descriptors for bis-2-ethylhexylphosphate. The descriptors given in Table 3 yield the calculated log P s shown in Table 4 , along with the observed log P s at I ¼ 0 or I ¼ 0.1. There is very poor agreement between our calculated and the observed values. However, we note that for several partitions there is little More satisfactory calculations were carried out for the diarylphosphates, using the log P s values listed by Kolarik at I ¼ 0.01; the obtained descriptors are in Table 3 . Values of E, S, and B are all larger than those for the dialkylphosphates due to the presence of the two aromatic groups.
We cannot compare the predicted values of log P s against experimental values at zero ionic strength for compounds with estimated descriptors, because there are almost no such log P s values. However, we can make comparisons with log P s values at an ionic strength I ¼ 1.0 as shown in Table 5 for dipentylphosphate (1, 3) . As expected, the predicted values at I ¼ 0 are all more negative than the observed values at I ¼ 1.0; the only exception is for log P s in the water-dibutyl ether system. Partition coefficients for the trialkylphosphates at zero ionic strength are given by Apostoluk and Robak (1) and a large number are listed in the BioLoom data base (4). For trimethylphosphate and triethylphosphate, gas chromatographic, GLC, retention data were available (32) on a capillary polydisiloxane column at 80 C in terms of log tr where tr is the relative retention time with respect to dodecane (log tr ¼ 3.00). The system has to be characterized by determination of log tr values for compounds with known descriptors. We also characterized a silicon oil column at 213 C for which retention indices, I, were available for a number of other phosphorus compounds (33) . Details are in Table 6 .
For the trialkylphosphates, A ¼ 0 and so there is one descriptor less to obtain. Values of E and V were determined as for the dialkylphosphates. For trimethyl-, triethyl-, tripropyl-, and tributyl-phosphate there were enough partition coefficients to construct 19-26 equations, so that the derived descriptors are soundly based. We also estimated descriptors for tripentylphosphate by comparison to those for the other four phosphates. Details are in Table 7 . A combination of the given descriptors with the coefficients listed in Table 1 enables log P s and log K s for these five trialkylphosphates to be predicted for the very large number of solvent systems in Table 1 . For some of these phosphates log P s is known for the water-wet octanol system. These log P s values are in-line with the other values and so we can be sure that for the trialkylphosphates B o ¼ B. For triphenylphosphate, log P s is known for the water-octanol partition as 4.59 (5), and we can estimate descriptors as shown in Table 7 so that they yield the correct value for the water-octanol partition coefficient.
Apostoluk and Robak (1) include dialkylphosphinic acids, R 2 P(¼ O)OH, but only for dibutylphosphinic acid are there enough logP s values to obtain descriptors. We estimated E ¼ 0.23 using values of E obtained from refractive indices for related compounds, and V is calculated as before. Apostoluk and Robak (1) list also pKa values; for dibutylphosphinic acid pKa ¼ 3.40 so that it is a weaker proton acid than the dialkylphosphates. Calculations for dibutylphosphinic acid are shown in Table 8 with the descriptors given in Table 9 . The SD for the 12 fitted and observed dependent variables, at 0.345, is larger than usual. For the higher dialkylphosphinic acids, the only data available are pKa values and a water-benzene partition coefficient at I ¼ 0. We have estimated the descriptors for these dialkylphosphinic acids, noting the variation of descriptors with the size of the alkyl group for the dialkylphosphates, and ensuring that the estimated descriptors reproduced the observed log P s values for the waterbenzene system. These estimated descriptors are in Table 9 , together with those for dibutylphosphinic acid itself. For dibutylphosphinic acid, the observed and calculated log P s values for partition into diisoproylether are in good agreement, so that again B = B o . Zhang et al. (34) have determined solubilities of diphenylphosphinic acid in water and in a number of dry solvents, so that we can then deduce log P s for transfer from water to these solvents through Eq. (4). The deduced log P s values, and hence the original solubilities, are very self-consistent and yield the descriptors given in Table 9 .
The final set of compounds for which Apostoluk and Robak (1) were able to collect several log P s values are the higher trialkylphosphine oxides, from tributylphosphine oxide onward. In addition, Akiba et al. (35) have determined log P s for trioctyl-, tris-2-ethylhexyl-and triphenyl-phosphine oxide into a number of solvents. All these log P s values are at I ¼ 0.10, so that our descriptors will then yield predictions for further log P s values at this ionic strength. There are enough recorded values for log P s for tributyl-, trioctyl-, and tri(2-ethylhexyl)-phosphine oxide to obtain descriptors as given in Table 10 . We have no experimental log P s values in solvents such as wet octanol or wet ethyl acetate, and so we are unable to deduce o will be less than B for the trialkylphosphine oxides. Although the various log P s values for each of the phosphine oxides are reasonably self-consistent, as judged from the SD values in Table 10 , there is no consistency between the phosphine oxides. We suggest that the descriptors for trioctylphosphine oxide and tri(2-ethylhexyl)phosphine oxide should not be used to predict further values of log P s until such time as they can be verified. The log P s values of Akiba et al. (35) for triphenylphosphine oxide are quite self-consistent, and consistent also with those recorded in BioLoom (5) and those determined by Leahy et al. (36) ; the latter gives an experimental value for partition into wet octanol (log P s ¼ 2.83). Hu et al. (37) record solubilities of triphenylphosphine oxide in a few solvents, and we could incorporate these into our calculations using a trial-and-error calculation of the solubility in water (log S w ¼ À2.81). Results are in Table 10 . By inspection, they are reasonably consistent with results for tributylphosphine oxide but not with those for the other two phosphine oxides. From the value of log P s for partition into wet octanol we calculate that B o ¼ 1.29 for triphenylphosphine oxide, and so we expect that for the aliphatic phosphine oxides, B o will also be less than the corresponding values of B. Solubilities of tri(4-methoxyphenyl)phosphine oxide have been determined by Guo and Wang (38) but we were not able to determine the corresponding descriptors. Guo et al. (39) determined solubilities of the flame retardant (2,5-dihydroxyphenyl)diphenylphosphine oxide, HPO, in water, and a number of solvents that yield log P s values through Eq. (4). These are all very self-consistent and lead to the descriptors given in Table 10 . An estimated value of log P s for transfer to wet octanol, 1.56 (5), gives an estimated value of 1.82 for B o . The value for A ¼ 0.35 seems at first sight very small for a compound with two phenolic groups, but in addition to electronic effects one of the phenolic groups is likely to be strongly internally hydrogen bonded to the P=O oxygen atom.
Zo et al. (40) have determined solubilities of dialkylphosphites in hydrocarbon solvents for the lower members of the series and solubilities in water for some of the high members. They also give vapor pressures, VP, but it is not clear if these have been determined by Zo et al. (40) or are taken from the literature; no references are given. Kosolapoff (29) records the boiling points and vapor pressures of dimethylphosphite and diethylphosphite from which we have constructed Eq. (6) and Eq. One series that is of particular interest is that of the trialkylphosphines, because knowledge of the descriptors would lead to some estimate of the ''intrinsic basicity'' of the central phosphorus atom. Refractive indices and a few vapor pressures (29) are available, but we could find neither partition coefficients nor solubilities for any of the trialkylphosphines. For triphenylphosphine, solubilities in seven solvents have been determined by Burgess and Peacock (42) , in five solvents by Gao et al. (43) and in methanol and ethanol by Wang et al. (44) . The solubilities are mostly consistent except for those in benzene where there is marked disagreement. In addition, the solubilities in benzene and toluene did not fit at all to the calculated values; possibly there is solvate formation in these cases. None of the three papers (42) (43) (44) mentioned any attempt to test for solvate formation. The BioLoom data base lists log P s values for (wet) octanol, 5.69, and for heptane, 4.91 (5). The observed and calculated values of log P s are in Table 12 ; they are based on a trial-and-error fit of -6.38 for log S w . The obtained descriptors are in Table 13 . Less extensive data are available for tri(4-methoxyphenyl)phosphine, Guo and Wang (38) having determined solubilities in a number of solvents. As before, values in benzene and toluene were out of line and we obtained a not-very-good fit for the remaining data, (see Table 12 ). The calculated and observed values for the water to wet octanol partition coefficient are in good agreement, Table 12 , and so we can deduce that for the phosphines B o ¼ B. A very extensive series of phosphorus compounds is that of the dialkyl alkylphosphonates, RP(¼ O)(OR) 2 , the variation in alkyl groups leading to a large number of synthesized compounds (29) . Only in the case of dimethyl methylphosphonate, DMMP, is there sufficient data available to determine descriptors. Leggatt (45, 46 ) determined log P s values into several (wet) solvents, both at zero ionic strength and from water saturated with sodium chloride. We use only values at zero ionic strength. A value of A number of organophosphorus compounds have been studied as flame retardants, including 3,9-dimethyl-3,9-dioxide-2,4,8,10-tetraoxo-3,9-diphosphaspiro-[5.5]-undecane, PBMP, see Fig. 1 . PBMP can be regarded as a dimer of a cyclic ester of methylphosphonic acid, and so is quite related to dimethyl methylphosphonate. Guo et al. (49) have reported solubilities of PBMP in several solvents. The solubility in water is known as log S w ¼ 0.275 (49), and we can deduce log P s values from water to the dry solvents through Eq. (4) . By analogy with DMMP we take E ¼ 0.50, we know V, and can take A ¼ 0. The data then lead to the descriptors in Table 14 .
Another important series of organophosphorus compounds is the trialkylphosphites, several of which are industrial chemicals. The trialkylphosphites, however, are easily hydrolyzed in water and determination of partition coefficients is then very difficult. We could find only one value, 2.26 for partition of tripropylphosphite into octanol (5), and we were thus unable to determine descriptors for the trialkylphosphites.
ESTIMATION OF LOG P S AND LOG K S VALUES
The estimation of log P s values from water to wet solvents or from water to dry solvents is very straightforward. The descriptors listed in Tables 3, 7 , 9, 11, 13, and 14 can be combined with the system coefficients in Table 1 to yield estimated values of log Ps directly. This is probably the simplest method available for the prediction of watersolvent or gas-solvent partition coefficients. The gassolvent partition coefficients are important in that they are the inverse of Henry's Law constants, with due regard to units. The only complication arises for the phosphine oxides in Table 10 for which the B o descriptor has to be used for partition from water into solvents that contain substantial quantities of water at equilibrium; these solvents are shown in Table 1 with the superscript 'a' under the column headed 'b'. If B o is not available, then values of log Ps for these specific solvents cannot be estimated. An exactly similar method can be used to estimate K s values, now starting with the descriptors in Eq. (2), but the complication over the B o descriptor no longer obtains. Although the difficulty of variable basicity of certain compounds in certain solvent systems has long been known (50, 51) , there has been no explanation of the phenomenon. One possibility is that it applies to compounds that are heavily hydrated by water in a water-saturated solvent. Triphenylphosphine oxide is known to be so strongly hydrated that it forms a stable solid hydrate Ph 3 PO.H 2 O (52), and this may distinguish the phosphine oxides from the other organophosphorus compounds we have studied.
It is possible to use the descriptors for all the compounds studied to estimate solubilities through Eq. (4) . Once values of log Ps have been estimated, it requires only the solubility in one solvent to estimate solubilities in all the other solvents. For example, the observed solubility of PBMP in ethanol, as log S etoh , is À1.73 (47) , and the observed value of log P etoh ¼ À2.01, so that from Eq. (4) Log S s ¼ log P s Ã S etoh =P etoh ð Þ ¼ log P s þ 0:28 ð10Þ
In the above case, an observed value for log P s for the ''reference solvent'' was available, because log S w was known. More generally, log S w is not known but to take the present example Eq. (9) could be recast as Eq. (11) Equation (11) represents a simple and very general method for the estimation of solubilities for any compound for which the descriptors in Eq. (1) are available.
